We have shown previously that Bruch's membrane (BM) aging decreases retinal pigment epithelium (RPE) phagocytosis. Herein, we determine the effects of BM reengineering on RPE phagocytosis.
Introduction
In the healthy human eye, the retinal pigment epithelium (RPE) forms a contiguous hexagonal monolayer of cells that lines the inner aspect of Bruch's membrane (BM) and separates the neural retina from the choriocapillaris. 1, 2 The apical side of the RPE surrounds the distal tip of the rod and cone outer segments, while the RPE basal side is in contact with its basement membrane, which is the innermost layer of a thin multilaminar structure adjacent to the choriocapillaris. 1, 2 The RPE performs several func-tions important for maintaining the neural retina, including phagocytosis of photoreceptor outer segments, visual pigment processing and renewal, providing a barrier function, and transferring nutrients to the neural retina. [2] [3] [4] In order for the integrity of the RPE monolayer to be maintained, there must be proper attachment of the RPE to BM, and between adjacent RPE cells. 4, 5 The attachment between the RPE and inner aspects of BM are mediated by integrin receptors on the RPE and ligands within the basal lamina that include laminin, fibronectin, and collagen type IV. [6] [7] [8] Age-related macular degeneration (AMD) is a degenerative disease that affects the outer retina, RPE, BM, and choriocapillaris. 9, 10 The disorder is characterized by age-related ultrastructural changes within BM that include diffuse thickening, accumulation of drusen, basal laminar and basal linear deposits, collagen cross-linking in the inner and outer collagen layer, calcification, fragmentation of the elastin layer, and lipidization. [11] [12] [13] [14] [15] Cellular changes in advanced AMD include atrophy of the RPE, choriocapillaris and outer retina in nonexudative AMD, and the development of choroidal neovascularization in exudative AMD. [16] [17] [18] At the current time, any connection between ultrastructural changes observed in BM with age (mentioned above) and cellular changes that develop in AMD is not known. However, it is known that the structural changes that are due to aging within BM precede cellular changes in the RPE by one or two decades, well before there are signs of early AMD on clinical examination and imaging. 11, 14, 19, 20 In the human eye in vivo, the RPE and BM age together and therefore it is impossible to separate the effects of BM aging from the primary effects of cellular aging. Thus, we have developed a system in our laboratory to separate the effects of aging within BM from the effects of aging in the RPE. [21] [22] [23] We have used this system to demonstrate that aging BM leads to a decrease in human RPE attachment to the inner aspects of BM, survival after attachment, proliferation, as well as an alteration of RPE gene expres-sion. [21] [22] [23] [24] [25] Recently, we have shown that BM aging decreases the ability of an RPE monolayer cultured on the BM surface to ingest rod outer segments (ROS). 26 Nitrite treatment of RPE-derived extracellular matrix mimics the effects of aging BM. 26 Interestingly, the effects of BM-extracellular matrix (ECM) aging on RPE attachment, survival, and proliferation of the RPE can be reversed by cleaning the BM surface with Triton X-100 and then coating the surface with a mixture of laminin, fibronectin, and vitronectin. 27 Herein, we determine if reengineering of old donorderived human BM can lead to an improvement in the phagocytic ability of RPE cells cultured on this surface.
Methods

Culture and Propagation of Immortalized ARPE-19 Cells
Immortalized human RPE cells (ARPE-19 cell line) obtained from the American Type Culture Collection (ATCC, # CRL2302; Manassas, VA) were cultured and propagated as specified by ATCC (All reagents from Life Technologies; Carlsbad, CA). ARPE-19 medium contained Dulbecco's modified Eagles medium -F12 (DMEM-F12) with N-2-hydroxyethyl-1piperazine-N 0 -2-ethanesulfonic acid (HEPES) buffer (#11330) supplemented with 10% fetal bovine serum (#16000-044), and 1X Antibiotic-Antimycotic (#15240). ARPE-19 cells were plated at a density of 35 to 50 3 10 3 cells per well of a 96-well plate (Franklin Lakes, NJ) and allowed to reach confluence before conducting experiments. Cells were incubated in a humidified atmosphere of 5% CO 2 and 95% air at 378C and the culture medium was changed 3 times per week. All of the experiments described herein were performed using the ARPE-19 cell line from ATCC.
Isolation of Bruch's Membrane (BM) Explants
BM explants were obtained from human donors through the National Disease Research Interchange (Philadelphia, PA). All donor eyes (Table) were enucleated within 8-10 hours and shipped to the laboratory within 48 hours of death in a sterile container at 48C. BM explants were harvested upon receipt and processed as previously described. 26 Briefly, BM explants were obtained from young (9to 46-years old) and old (74-to 81-years old) donors (Table) . Two explants were harvested from each donor with the basal lamina layer of BM on the Old 81 Cancer apical surface 23, 28 as follows: eyes were placed in carbon dioxide-free media and the choroid-BM-RPE complex was dissected away from the rest of the eye (sclera, anterior segment, and vitreous were discarded). Native RPE cells were removed by incubation in 0.02 M ammonium hydroxide for 20 minutes at room temperature followed by washing in phosphate buffered saline (PBS). Each explant was then floated in medium over a hydrophobic 125-to 175-lm thick polytetrafluoroethylene membrane with 0.5-lm pores (the basal lamina of the RPE was facing the membrane). Subsequently, 4% agarose was poured onto the BM-choroid complex from the choroidal side and immediately placed at 48C to allow the agarose to solidify. Next, the polytetrafluoroethylene membrane was peeled off; 6-mm circular buttons were trephined on a Teflon sheet from peripheral BM and placed on 4% agarose at 378C in untreated polystyrene wells of a 96-well plate. The agarose was allowed to solidify at room temperature, rinsed gently with PBS three times before sterilization with 20,000 rad of gamma radiation, and stored at 48C.
Isolation of Bovine Rod Outer Segments
Bovine ROS were isolated as previously described. 26 Briefly, fresh bovine eyes were obtained from a local slaughterhouse and transported on ice to the laboratory. Eyes were washed with Hanks' basal salt solution (1X HBSS; Thermo Scientific, Waltham, MA) containing 100 U/mL penicillin and 0.1 mg/mL streptomycin (Pen/Strep; Life Technologies). The anterior half of the eye was removed and discarded and the retina/RPE were dissected out and separated from each other by gently pipetting HBSS into the subretinal space. The retina was then put into a glass tube on ice that contained isolation medium composed of 20% sucrose, 20 mM Tris-Cl, 2 mM MgCl 2 , and 130 mM NaCl (pH 7.2), and homogenized. One milliliter of the retinal homogenate was layered on top of a 10% to 60% sucrose gradient and centrifuged at 141,000g for 2 hours at 48C in a Beckman SW-40 rotor. ROS were sedimented between a 27% and 50% sucrose gradient. Bands containing ROS were collected, pelleted by centrifugation at 7700g for 10 minutes at 48C, suspended in the buffered salt solution, and again pelleted at 800g for 10 minutes. Purified ROS were stored at 48C in DMEM containing 17% sucrose and Pen/Strep. Prior to use, the ROS were centrifuged at 9000g for 10 minutes to remove storage medium. Outer segment concentration was assessed from the rhodopsin concentration measured spectrophotometrically in 0.1% Ammonyx LO. 29 
Fluorescent Labeling of Isolated Bovine Rod Outer Segments
Isolated ROS were labeled with fluorescein isothiocyanate (FITC, #F7250; Sigma Aldrich, St. Louis, MO). ROS were pelleted in HBSS solution and suspended in 0.1 M sodium bicarbonate buffer pH 9 to 9.5. FITC was solubilized in dimethyl sulfoxide (DMSO) to a concentration of 2 mg/mL, and added to ROS to a final concentration of 10 to 50 ng/mL and subsequently incubated for 1 hour at room temperature in the dark with gentle shaking. FITCstained ROS were washed twice, pelleted in a microcentrifuge tube (4 minutes at 4500g), and resuspended in growth medium at a concentration of 0.4 lg/lL. Fluorescently-labeled ROS were then seeded onto cultured cells in 96-well plates at a concentration of 4 to 5 lg/cm 2 , which corresponds to 1.5 3 10 5 particles/ cm 2 (5 3 10 4 outer segment particles/well). Microscopic examination of the labeled ROS showed intact outer segments after labeling (data not shown).
Preparation of Nitrite-Modified Extracellular Matrix (ECM)
The generation of RPE-derived ECM and subsequent nitrite treatment was described previously. 26 In summary, 30 to 50 3 10 4 ARPE-19 cells were plated onto 96-well plates and grown to confluence for approximately 6 to 8 weeks to allow sufficient time for cells to form ECM. Subsequently, cells were removed by adding 100 lL/well of 20 mM ammonium hydroxide buffer for 20 minutes, followed by washing with PBS three times and air drying inside the culture hood to obtain 96-well plates coated with ARPE-19derived ECM. Sodium nitrite-treated ECM was prepared by adding 100 lL/well of 100 mM sodium nitrite in pH 4 acetate buffer for 7 days. Wells were then washed at least four times with PBS, incubated with PBS for 4 hours, and washed again at least two additional times to completely remove the nitrite. 30 
Detergent Cleaning and/or Coating of Human Bruch's Membrane and Extracellular Matrix
RPE-derived ECM damaged by nitrite treatment or human BM explants were processed, as described previously, 26, 27 to create the following conditions: (1) cleaned BM/ECM, treated with 0.1% Triton-X/0.1% sodium citrate solution for 20 minutes at 48C, (2) cleaned and coated BM/ECM (i.e., cleaned first with 0.1% Triton-X/0.1% sodium citrate, as above, then coated with an ECM-protein mixture containing laminin, 330 lg/mL; fibronectin, 250 lg/mL; vitronectin, 33 lg/mL, at 378C for 30 minutes), or (3) untreated surfaces without cleaning or coating, which were used as controls. After the cleaning and/or coating, surfaces were washed three times with PBS for 5 minutes and stored at 48C to be used within 48 hours or frozen at À208C, to be thawed immediately prior to use.
Incubation of Cultured RPE Cells with FITC-Labeled Rod Outer Segments
ARPE-19 cells (30-50 3 10 4 ) were seeded onto either BM explants or RPE-derived ECM in 96-well plates and cultured to confluence (10-14 days). Subsequently, ARPE-19 cells were fed FITC-labeled ROS in DMEM-F12 with 20% FBS and incubated at 378C for approximately 16 hours. Cells were then rinsed several times with DMEM-F12 to remove FITC-labeled ROS and counterstained with Hoechst nuclear staining (#62249; Thermo Scientific, Rockford, IL) prior to fixation. Fixation was carried out in 2% paraformaldehyde for 10 to 15 minutes, and rinsed several times with 1X Dulbecco's PBS (Life Technologies). Immediately after fixation, fluorescent images were acquired using an In Cell Analyzer 2000 machine (GE Healthcare Life Sciences, Piscataway, NJ) with a 340 objective using ultraviolet and FITC filters. Alternatively, for the time course experiment, FITC-labeled ROS were seeded onto cells and a new set of duplicate wells was washed sequentially every 2 hours up to 12 hours, followed by counterstaining, fixation, and image acquisition as described above. To block phagocytosis, cells were incubated with anti-aVb5 integrin antibody in addition to the FITClabeled ROS for 3 hours, as described in detail elsewhere. 31 
Statistical Analysis
All experiments were run in triplicates and repeated at least three times. Values were plotted using Excel spread sheets and graphs generated to indicate the mean 6 SD. The significance of the values was determined using the Student's t-test.
Results
We have shown previously that BM derived from eyes of older individuals decreases the ability of the RPE cultured on its surface to phagocytize ROS in vitro. 26 In addition, we have also reported that the combined effect of cleaning old donor-derived BM with detergent and then recoating it with ECM proteins increases the rate of survival, proliferation, and attachment of the overlying RPE cells to levels close to the controls. 27 Herein, we sought to investigate whether cleaning alone, or cleaning combined with coating of impaired surfaces (either nitrite-damaged ECM or old donor-derived BM) affected the ability of ARPE-19 cells to phagocytose ROS to levels similar to that seen for young BM. Treating old BM with detergent alone did not change the functional ability of the ARPE-19 monolayer to phagocytize ROS as compared with controls ( Fig. 1) . However, detergent cleaning followed by recoating BM with ECM-specific proteins increased the capacity of the ARPE-19 cells to phagocytize ROS ( Fig. 1 : 54.9 6 6.2 vs. 83.5 6 6.5 arbitrary units; P ¼ 0.009). Although phagocytosis levels were not brought back to the levels of cells on young BM, the values still represented a 25% increase above old BM, suggesting that ECM proteins played a key role in this essential RPE function ( Fig. 1 : Young, 123.6 6 9.9 arbitrary units; Old, 54.9 6 6.2 arbitrary units; old þ cleaned and coated, 83.5 6 6.5 arbitrary units; N ¼ 11 eyes; and Table demographics). Figure 1 . ARPE-19 cell phagocytosis on young, old and reengineered BM. Phagocytosis was higher on young BM (123.6 6 9.9 arbitrary units) versus older BM (54.9 6 6.2 arbitrary units) (bar 1 versus bar 2; P , 0.001). Cleaning of old BM surface with detergent and sodium citrate (57.2 6 8.5 arbitrary units) did not increase phagocytosis (bar 2 versus bar 3; P ¼ 0.45). However, reengineering of old BM by cleaning and coating with ECM proteins increased phagocytosis (83.5 6 6.5 arbitrary units) compared with old BM (bar 2 versus bar 4; P ¼ 0.009). Nevertheless, BM reengineering did not improve phagocytosis in a manner similar to the high levels observed with young BM (bar 1 versus bar 4; P ¼ 0.008). Det, detergent cleaning; ECM, addition of laminin, vitronectin, and fibronectin.
We then tested the effects of simulated aging on isolated ECM derived from ARPE-19 cells. To do this, we ''aged'' the ECM nonenzymatically by treating it with sodium nitrite, which crosslinks the proteins and serves as an in vitro model of basement membrane aging. 28 As expected, nitrite treatment decreases the phagocytosis of ROS in ARPE-19 cells. 26 A combination of detergent washing and As with human BM, detergent treatment of nitritemodified ECM alone was not sufficient to improve phagocytosis (not shown).
Previous studies have shown that 2 hours after feeding ROS to ARPE-19 cells almost all ROS remain associated with the cell membrane receptor (aVb5), and by 5 hours about 50% of it is still bound to surface receptors while the remainder is internalized. 31 To investigate the kinetics of ROS processing by ARPE-19 cells in our system, we fed FITC-labeled ROS and performed fluorescence measurements every 2 hours for the next 12 hours in nitrite-treated versus control RPE-derived ECM. There was no statistically significant difference between the two groups by 2 hours; but after 4 hours, differences became significant in ROS processing between the nitrite and control treatments, and persisted for up to 12 hours (Fig. 3) .
Subsequently, we sought to test whether the internalization of ROS particles involved the aVb5 integrin receptor on the surface of ARPE-19 cells, which is the predominant receptor associated with the initial step of recognition and binding of ROS. 31 To do this we added anti-aVb5 antibody together with FITC-labeled ROS in the culture medium. As shown in Figure 4 , aVb5 antibody addition causes a 70% reduction in binding/internalization of ROS as compared with samples devoid of blocking antibody (ROS, 2925.6 6 120.8 versus ROS þ aVb5, 910.9 6 114.8 arbitrary units; P , 0.001). Nitrite-treated samples appeared more affected by aVb5 antibody blocking, showing a decrease of about 90% when compared with its unchallenged counterpart (NIT þ ROS, 1825.1 6 177.2 versus NIT þ ROS þ aVb5, 215.0 6 17.3 arbitrary units; P , 0.001). Addition of a nonspecific Immunoglobulin G did not have any substantial effects (not shown).
Discussion
In this study, we investigated whether we could reverse the deleterious effects of BM aging on the phagocytic function of ARPE-19 cells. We demon- strated that treating old BM with detergent alone did not increase the ability of this RPE cell line to phagocytose ROS; instead, a combination of detergent and coating with ECM proteins appeared to rejuvenate BM, and thereby increased the phagocytic capacity of these cells. Similar results are seen using a model of ECM aging that we developed previously 26 in which we mimic BM aging by treatment of ECM with sodium nitrite, a nonenzymatic crosslinking agent. Treating nitrite-modified basement membrane with detergent alone does not increase the ability of the RPE to phagocytose ROS. Instead, a combination of detergent cleaning followed by coating with ECM proteins appears to rejuvenate nitrite-modified ECM, and thereby increases the phagocytic capacity of ARPE-19 cells. There is a statistically significant difference in ROS internalization starting at 4 hours between controls and nitrite-treated samples, which continues for at least 12 hours ( Fig. 3) . Addition of anti-aVb5 antibody reduced cellular fluorescent intensity by 70% to 95% compared with samples devoid of antibody (Fig. 4) .
The primary cause of AMD is not known, but several lines of investigation have been directed at elucidating the connection between BM aging and cellular changes seen in the disease, such as RPE atrophy and photoreceptor degeneration. 10, 11, 14, 18, 20 Age-related changes within BM occur several decades before cellular ones, thus suggesting that BM dysfunction can precede and may induce changes in surrounding cells. 14, 15, 19, 20 In our system, previously developed to isolate the effects of basement membrane aging from the effects of cellular aging, we have shown that BM aging affects proper attachment and proliferation of RPE cells and increases their rate of apoptosis while decreasing the rate of phagocytosis. 27, 28 We have also shown that reengineering human BM can improve the attachment, survival, and proliferation of the RPE. 27 In this report, we showed that reengineering of old donor-derived human BM with detergent cleaning, and subsequent recoating with ECM proteins, can increase the phagocytic ability of ARPE-19 cells cultured on its surface. However, this increase did not reach levels compared with young BM, indicating that other factors are also involved in the aging process and in the functional decrease in phagocytosis of cells cultured onto old BM. It is likely that other deleterious changes occur at the molecular level within BM as a function of age, such as other forms of enzymatic or nonenzymatic protein crosslinking (e.g., nonreducing sugars, reactive oxygen species, and reactive nitrogen species). 10 In addition, aging of BM may also affect other proteins (e.g., heparan sulfate) that may play an important role in the overall function of the RPE. 20 These results are not surprising, since the molecular changes that occur within BM with aging are protean in nature, and not completely understood. Nevertheless, the fact that there is an increase in proliferation, survival, and RPE function by providing fresh ECM protein may also be important in other systems designed to reproduce an artificial BM. 32 A recent report describes how primary RPE cells were able to grow and proliferate as polarized monolayers in three-dimensional scaffolds made of collagen type 1 and a material called poly(lactic-co-glycolic acid) (PLGA). 32 This fibrillary network resembles the fibrillar architecture of the collagenous layer of BM, and cells grow looking morphologically and molecularly similar to RPE while displaying a correctly polarized monolayer. 32 Additional coating of these scaffolds with ECM proteins may have a long-term positive impact in the overall function of transplanted RPE monolayers.
The RPE is one of the most active phagocytic epithelia in the human body. In vivo, approximately 3% to 5% of the distal tips of photoreceptor outer segments are shed on a daily basis and proper RPE phagocytosis is necessary to maintain the health and integrity of the neural retina and the choriocapillaris. 33, 34 RPE phagocytosis uses aVb5 integrin receptors on the RPE surface for initial outer segment cell surface binding, the receptor MerTK for internalization, and the scavenger receptor CD36. 31, 35, 36 Disruption of any step in this process can lead to pathology. For example, mice lacking aVb5 fail to internalize outer segments leading to retinal degeneration, [37] [38] [39] while deficiencies in MerTK lead to retinal degeneration in the Royal College of Surgeons rat and in transgenic mice. 38, 40 In humans, decreased clearance of outer segment material may lead to outer segment accumulation within the RPE, which has been associated with AMD. 41, 42 We have shown previously that sodium nitrite modification of ECM decreases the phagocytic ability of the RPE cells to an extent comparable to that of aging BM. 26 In addition, nitrite modification decreases RPE attachment to ECM, inhibits cell proliferation, and increases apoptosis. 43 Nitrite causes these effects by nonenzymatic cross linking of collagen in vitro as well as in vivo. 30, 44, 45 Here we reported that, similar to BM, treating ARPE-19-derived ECM with detergent (Triton X-100) and reconstituting its ECM proteins ameliorated the effects of nonenzymatic nitration as evidenced by an increased phagocytosis relative to the nitrite-treated group. These results suggested that aging of human BM, which can be mimicked by nonenzymatic nitration of ARPE-19derived ECM in vitro, can decrease phagocytosis of outer segments by ARPE-19 cells, and this decline can be reversed at least partially by combined detergent cleaning and recoating of the surface with ECM ligands. The method we employed to denature the native structure of the BM ECM proteins may well also indirectly cause RPE dysfunction by creating reactive nitrogen species which in turn can exert deleterious effects on cellular proteins. [45] [46] [47] However, age-related accumulation of nitrite-modified moieties in aging BM 48 and their impact on protein dysfunction 49 suggest nitration plays a major role in the agerelated decline in RPE survival and function. Reversal of this functional loss by rejuvenation of the ECM constitutes an important step in reversing RPE dysfunction leading to AMD. Lastly, we showed that most (if not all) of the phagocytosis observed was mediated through the aVb5 receptor, which is a key player involved in the initial specific recognition of ROS in RPE cells. 34, 35 Additional studies are needed to determine whether primary RPE or RPE derived from either human embryonic stem cells or induced pluripotent stem cells (iPSC) would behave similarly on spontaneously aged or nitrite-modified ECM surfaces. Ongoing experiments in our laboratory are aimed at understanding the effects of BM-aging on iPSC-derived RPE cells derived from AMD patients and unaffected controls. These experiments will shed light into understanding the importance of the ECM in the physiological maintenance and functional properties of RPE cells derived from different phenotypic and genotypic backgrounds.
Aging is a complex phenomenon involving alterations within cells and their external milieu, including the ECM, throughout the body. In the eye, accumulation of residual bodies is manifested by intracellular accumulation of lipofuscin within the RPE, and there is an age-dependent increase in the rate of RPE apoptosis in the macula of human eyes; similar changes are not seen in the periphery. 41, 50 Pathological changes within cells can be accelerated by ultraviolet light and other agents that induce DNA damage. [51] [52] [53] In addition to cellular changes, aging changes can occur in BM including nonenzymatic nitration and glycation, collagen cross-linking, and elastin fragmentation. 14, 19, 43, 44 In our model, agerelated changes in human BM, which may include, but are not limited to nonenzymatic nitration, could lead to extensive disruption of RPE function, including RPE phagocytosis. Our in vitro studies demonstrate proof of concept that these changes can be reversed with cleaning and coating of the surface. Additional studies will be necessary to develop treatments to produce the same effects in vivo without toxicity.
